Cetaceans have undergone a remarkable evolutionary transition that was accompanied by many sensory adaptations, including modification of the visual system for underwater environments. Recent sequencing of cetacean genomes has made it possible to begin exploring the molecular basis of these adaptations. In this study we use in vitro expression methods to experimentally characterize the first step of the visual transduction cascade, the light activation of rhodopsin, for the killer whale. To investigate the spectral effects of amino acid substitutions thought to correspond with absorbance shifts relative to terrestrial mammals, we used the orca gene as a background for the first site-directed mutagenesis experiments in a cetacean rhodopsin. The S292A mutation had the largest effect, and was responsible for the majority of the spectral difference between killer whale and bovine (terrestrial) rhodopsin. Using codon-based likelihood models, we also found significant evidence for positive selection in cetacean rhodopsin sequences, including on spectral tuning sites we experimentally mutated. We then investigated patterns of ecological divergence that may be correlated with rhodopsin functional variation by using a series of clade models that partitioned the data set according to phylogeny, habitat, and foraging depth zone. Only the model partitioning according to depth was significant. This suggests that foraging dives might be a selective regime influencing cetacean rhodopsin divergence, and our experimental results indicate that spectral tuning may be playing an adaptive role in this process. Our study demonstrates that combining computational and experimental methods is crucial for gaining insight into the selection pressures underlying molecular evolution.
Introduction
Cetaceans are the only mammals that have evolved a fully aquatic lifestyle and diversified into all major aquatic ecosystems, a remarkable transition that has been characterized by extreme morphological and physiological adaptations (Uhen 2010; Gatesy et al. 2013) . The molecular mechanisms underlying these major evolutionary changes are only just beginning to be understood, largely due to advances in cetacean wholegenome sequencing projects (Lindblad-Toh et al. 2011; Sun et al. 2013; Zhou et al. 2013; Moura et al. 2014; Yim et al. 2014) . Recent studies that exploit cetacean sequence data have correlated large-scale patterns of positive selection and gene loss with key aquatic adaptations including limb development, diving physiology, echolocation, and dim-light vision McGowen et al. 2014 ). Because light detection is often essential for behaviours such as predator avoidance, mate selection, and foraging, its evolution has been directly linked to survivorship and reproductive fitness (Nilsson 2013) . Marine environments present a particular challenge to vision because light intensity is reduced, and the spectrum is narrowed and blue-shifted relative to terrestrial environments (Warrant and Locket 2004) . Compared with most terrestrial mammals (including their nearest living relatives, the hippopotamids) cetaceans have a reduced number of visual pigments (reviewed in Bowmaker 2008 and Jacobs 2013) , and the ones they do possess show evidence of spectral shifts Fasick and Robinson 2000; Newman and Robinson 2005) . Nevertheless, the structurefunction mechanisms responsible for these differences have not been experimentally investigated in an evolutionary context in any cetacean pigment.
The killer whale (Orcinus orca) is one of the best-studied cetacean species, making it a model for toothed cetacean (Odontoceti) biology and behavior in general (Baird 2000) . It is the largest member of Delphinidae, and though it has a cosmopolitan distribution in the world's oceans, unlike other widely distributed delphinids, it tends not to venture beyond the continental shelves into open ocean habitats (Wang et al. 2014) . Most foraging takes place in epipelagic waters where it is an apex predator, with over 140 species documented as prey including fish, cephalopods, marine mammals, seabirds, and marine turtles (Wang et al. 2014) . In other cetaceans, foraging has likely driven several instances of ecological convergence, such as the evolution of bathypelagic foraging (below 1,000 m) in the sperm whales and beaked whales Watwood et al. 2006) , and independent freshwater invasions by the river dolphin clades (Cassens et al. 2000; Hamilton et al. 2001) . Though the killer whale genome has recently become publicly available (Moura et al. 2014) , its visual pigments have yet to be experimentally investigated.
Visual pigments are molecular complexes consisting of an opsin apoprotein covalently bound through a Schiff base linkage to a vitamin A-derived chromophore, 11-cis retinal (Wald 1968; Sakmar et al. 1989; Palczewski et al. 2000) . Visual pigments are activated when incoming photons trigger isomerization of 11-cis retinal to all-trans retinal, which results in a conformational change in the associated heptahelical opsin structure, giving rise to metarhodopsin II, the biologically active form (Lamb and Pugh 2004) . Visual pigment molecules are contained within the outer segments of photoreceptor cells, and are the first component of the visual transduction pathway. Similar to other mammals, cetaceans are known to possess three major classes of visual pigments: A rhodopsin (RH1) that mediates dim-light vision, and two classes of cone opsins (LWS and SWS1) that mediate daylight and color vision, though in all cetaceans that have been analyzed so far, SWS1 has been found to be pseudogenized (Bowmaker 2008; Meredith et al. 2013 ).
Adaptive shifts in the peak wavelength of maximal absorbance (max) of visual pigments have been proposed to evolve in response to light environment, particularly in aquatic and nocturnal organisms (e.g., Bowmaker 2008; Hunt et al. 2009; Jacobs 2009 ). Prior studies of cetacean pigments have found that they tend to be blue-shifted relative to terrestrial mammals, with the greatest shifts occurring in deep-diving species (McFarland 1971; Fasick and Robinson 2000) . Substitutions at three specific amino acid sites (83, 292, and 299 ) are thought to be largely responsible for these shifts (Fasick and Robinson 1998) , but these have yet to be experimentally mutated in a cetacean pigment.
In this study, we have used in vitro expression and sitedirected mutagenesis experiments to investigate spectral tuning in the rhodopsin from the killer whale. To determine the potential for adaptive molecular evolution in cetacean rhodopsin, we combined our experimental assays of killer whale rhodopsin with computational investigations of selection patterns in cetacean rhodopsin genes and their association with ecological variables such as foraging depth. We hypothesized that these ecological differences among cetaceans may be driving divergent evolution in rhodopsin. We investigated this hypothesis using codon-based random sites and clade models to test for positive selection and divergence in cetacean rhodopsin evolution. Combined with our in vitro experiments measuring the functional consequences of amino acid substitutions at spectral tuning sites, our in silico analyses support the hypothesis that cetacean rhodopsins may have been the targets of positive selection in order to adapt to changes in aquatic light environments, particularly in response to foraging depth.
Results

Killer Whale Rhodopsin Expression and Site-Directed Mutagenesis
Like most cetaceans, the killer whale possesses an intact gene coding for rhodopsin (RH1), although some of its other visual pigments, such as SWS1, may have been pseudogenized (Moura et al. 2014) . We used heterologous expression methods to express and characterize the absorption maximum (max) of the wild-type killer whale rhodopsin (Morrow and Chang 2010) . The expressed, purified rhodopsin was found to have a max that was 12 nm blue-shifted relative to the bovine control ( fig. 1A and table 1). The killer whale pigment was also stable in hydroxylamine, similar to bovine rhodopsin (Sakmar et al. 1989; Kawamura and Yokoyama 1998) (supplementary fig. S1 , Supplementary Material online). Acid bleaching of killer whale rhodopsin shifted its max to 440 nm ( fig. 1B ), indicative of an intact covalent linkage with the retinal chromophore (Kito et al. 1968 ). All RH1 pigments were capable of being bleached with light to approximately 380 nm, indicating the formation of the lightactivated state, metarhodopsin II ( fig. 1A ).
We then used site-directed mutagenesis to investigate the effects of mutating spectral tuning residues 83, 292, and 299 on the max of cetacean rhodopsin. Single mutations of each of these sites to the bovine rhodopsin residue resulted in clear spectral shifts ( fig. 1C ). S292A resulted in the largest red-shift (10 nm), with N83D resulting in a small red-shift (2 nm), and S299A in a small blue-shift (2 nm). A mutant with both redshifting substitutions (N83D+S292A) was found to have synergistic effects that resulted in a large red-shift (14 nm) ( fig. 1C and table 1).
To gain insight into the mechanisms by which the substitutions at these sites may influence max, we constructed a homology model of the wild-type killer whale rhodopsin based on the dark state bovine rhodopsin crystal structure (Palczewski et al. 2000) . Overall, the structure of killer whale rhodopsin was very similar to bovine rhodopsin ( fig. 2A ). Sites 292 and 299 on helix VII were clustered near the chromophore and counterion, within 10 Å of the Schiff base (though 292 was closer at~5 Å) ( fig. 2B -E). The serine substitutions at these sites in killer whale, unlike the alanine residues in bovine, result in polar side chains in close proximity to the protonated Schiff base end of the chromophore. Site 83 is located farther away (410 Å) from the Schiff base on helix II, and is highly conserved as aspartic acid (D) in terrestrial vertebrate rhodopsins and other G protein-coupled receptors (GPCRs) where it participates in a hydrogen bond network with other residues that may influence chromophore activation (Okada et al. 2002) . Though the N83 substitution in killer whale is not charged, the configuration of this network appears comparable to the bovine rhodopsin dark-state ( fig. 2F ).
Molecular Evolutionary Analyses
To investigate patterns of selection in cetacean rhodopsin, we used codon-based likelihood models (reviewed in Anisimova and Koisol 2009) to estimate d N /d S for a data set of cetacean rhodopsin coding sequences. An alignment (supplementary fig. S3 , Supplementary Material online) of full rhodopsin coding sequences from 23 cetacean species (supplementary table S1, Supplementary Material online) was analyzed both with random sites models implemented in PAML (Yang 2007) , as well as models that independently estimate rates of d S and d N in HYPHY . We found significant evidence not only for variation in the nonsynonymous to synonymous substitution rate ratio, ! (d N /d S ; M3 vs. M0, P < 0.0001; table 2 and supplementary table S2 , Supplementary Material online) but also for pervasive 
Positively Selected Sites and Spectral Tuning
Codon-based random sites models were also used to identify specific amino acid sites under positive selection. In total, we found 29 positively selected sites in cetacean rhodopsin as identified with a posterior probability of at least 80% of belonging to a positively selected site class under PAML's M8 model (8 sites), HYPHY's REL (26 sites) or FUBAR (10 sites) models (table 3 and supplementary fig. S3 , Supplementary Material online). Three sites (16, 104, and 299) were identified by all three of the models, and 12 were identified by at least two of the models ( fig. 4 and table 3 ). Six of the M8 sites and all of the FUBAR sites were identified by at least one of the other two models, but the less stringent REL model identified 15 sites that were not detected by the other two models. The two M8-only sites (194 and 196) had low posterior probabilities and ! < 1 under the HYPHY models. Generally, sites identified as positively selected in both the HYPHY models but not M8 were nevertheless assigned to the positively selected site class in M8, only with posterior probabilities less than 80%. Of the three spectral tuning sites investigated by sitedirected mutagenesis in our in vitro experiments, site 299 was identified as positively selected in all three models. Site 292 was identified by M8 and REL, but not FUBAR (though ! was still slightly 41). Site 83 had the weakest support for positive selection, and was only identified by REL; though slightly elevated relative to the majority of other sites, ! was estimated as less than 1 in both M8 and FUBAR. The levels of support for these three sites are likely related to their different levels of variation on the cetacean species tree. The codonbased tests for positive selection that we have used are optimized to detect diversifying rather than directional selection, and so are most powerful when sites undergo frequent substitutions, including convergences and reversals. Sites 292 and 299 both show greater variation on the cetacean tree than 83. However, despite the varying support for positive selection at these three sites, all were placed in the divergent site class under the CmC (Clade model C) depth models (see below).
Clade Model Tests of Divergence
We used clade models to investigate the relationship between divergence and ecological variables. We hypothesized that ecological differences among cetaceans occupying different aquatic ecosystems, and that forage at different depths, may be driving divergence in rhodopsin evolution. To test these hypotheses, we implemented CmC, designing partitions to reflect differences in habitat (oceanic, coastal, and freshwater) and foraging depth (epipelagic, mesopelagic, and bathypelagic) ( fig. 3 ). For the likelihood ratio tests (LRTs) among nested models, only the three-and four-partition depth models performed better than the simplest (null) model, M2a_rel, which suggests that foraging depth, rather than habitat or phylogeny, is the main factor driving divergence among cetacean rhodopsins. In the four-partition model d N /d S was lowest for the mesopelagic clades (near neutral at ! = 0.68), but increased above 1 for the epipelagic and bathypelagic foragers, the bathypelagic foragers having the greatest value (! = 2.54; table 4, "CmC: Depth 4partition"). However, the three-partition model that grouped bathypelagic and epipelagic clades together was a significantly better fit than the four-partition model, as well as the twopartition model with only the bathypelagic+epipelagic clade in the foreground (table 4, "CmC: Depth 3-partition," "CmC: Depth 2-partition"). Two-and three-partition models that placed epipelagic and bathypelagic clades in the foreground separately also did not show significant divergence (data not shown). In other words, although divergent selection signals were strongest among near-surface foragers and extreme divers, mesopelagic foraging clades were also contributing to the significant divergence pattern. Evaluating the threepartition depth model against a null model where the bathy-pelagic+epipelagic divergent site class was constrained to equal one was also significant (table 4, "CmC: Depth 3-partitionC"), confirming the presence of positive selection within the bathypelagic and epipelagic foragers. The best fitting model overall (according to Akaike's Information Criterion, AIC) was the three-partition foraging depth model (table 4, "CmC: Depth 3-partition"), with the ! value for bathypelagic+epipelagic clade being similar to that estimated for the positively selected site class in the M8 model. Cetacean rhodopsin evolution did not appear to be significantly driven by the evolutionary differences between toothed and baleen species, as there was no evidence for divergent selection occurring between the two cetacean suborders, Odontoceti and Mysticeti using CmC (table 4) . Branch-site models were also implemented, as they are increasingly being used to investigate the evolution of both branches and clades (e.g., Spady et al. 2005; Badouin et al. 2013; Veilleux et al. 2013; Schott et al. 2014 ). However, the branch-site model can only accommodate two partitions, so we could not evaluate any of our higher partition configurations this way. Only the model with Odontoceti in the foreground turned out to fit significantly better than the null model (P < 0.05; supplementary table S4, Supplementary Material online), even though the equivalent clade model test was not significant. Of the branch-site models, the model with all Cetacea in the foreground had the best fit according to AIC, and was the only branch-site model that performed better than its equivalent CmC model under this criterion. For all but the Cetacea-foreground partition, the branch-site models were also worse fits than the randomsites M2a-rel model, which assumes no partitions in the data set (supplementary table S4, Supplementary Material online). Because these models do not allow background positive selection (even though both Odontoceti and Mysticeti appear to have ! values greater than 1, with Odontoceti being more pronounced), the poor fits relative to the null are consistent. Overall the branch-site models seemed to have a weaker performance on our data set, and our clade model results suggest that this is because divergent patterns in ! cannot be accommodated by its restrictions.
Discussion
By combining mutation experiments and protein function assays with molecular evolutionary analyses, we have found evidence for functional adaptation in cetacean rhodopsin. The rhodopsin of the killer whale (Orcinus orca), a delphinid, was expressed in vitro for the first time, along with a series of mutants with substitutions at the hypothesized spectral tuning sites, 83, 292, and 299. We found a maximal absorbance of 487 nm in the wild-type pigment, which was considerably blue-shifted relative to a terrestrial mammal (bovine, 499 nm). Site-directed mutagenesis experiments in the killer whale rhodopsin background showed that mutations at the three tuning sites were found to account for the spectral difference between the killer whale and bovine rhodopsin. These results are consistent with previous mutagenesis studies of these sites in a bovine background (Fasick and Robinson 1998) , as well as with other wild-type cetacean rhodopsins with equivalent substitutions (Bischoff et al. 2012 ), although we did find variation in the magnitude of spectral shifts. Furthermore, we found significant evidence for positive selection in a data set of cetacean rhodopsins with up to 29 positively selected sites, including 83, 292, and 299. We also found evidence to suggest that divergent selection in the gene is driven, at least in part, by ecological differences related to diving behavior. Here, we discuss our results in the context of both rhodopsin structure-function and cetacean ecology.
The Role of Sites 83, 292, and 299 in Cetacean Rhodopsin Spectral Tuning
We expressed a killer whale visual pigment for the first time, and found the spectral tuning of its rhodopsin (487 nm) to be substantially blue-shifted relative to bovine rhodopsin (499 nm). This is similar to other delphinids whose pigments have been expressed and assayed in vitro (488-489 nm; Fasick and Robinson 2000) . In the past, this difference between terrestrial and marine mammal rhodopsin has been attributed to substitutions at sites 83, 292, and 299. Not only are these sites implicated in the spectral tuning of rhodopsin in other aquatic vertebrates (e.g., Hunt et al. 1996 Hunt et al. , 2001 Hope et al. 1997; Sugawara et al. 2005) , but mutations at these sites in bovine rhodopsin are also thought to mimic the range of observed cetacean rhodopsin max Robinson 1998, 2000) . In addition, Meredith et al. (2013) found significant evidence for positive selection on sites 83 and 292 (but not 299) in cetacean rhodopsin using branchsites models. Residues at these sites have been used to predict the rhodopsin max of different cetacean species (e.g., Fasick et al. 2011; Bischoff et al. 2012) , though for many cetaceans this has yet to be confirmed by in vitro expression experiments. Variation at site 292 has been associated with blue shifts in the rhodopsins of deep-dwelling fish that can range from 11 to 14 nm depending on the species (Sugawara et al. 2005) . Site 299 has not been as well investigated in previous experimental studies; however, given its increased distance from the chromophore relative to site 292, its lesser effect on max in our study was not surprising. The killer whale residue, N83, has also long been associated with varying degrees of blue-shifts in deep-dwelling teleost fish rhodopsins (Hunt et al. 1996 (Hunt et al. , 2001 Hope et al. 1997; Sugawara et al. 2005) , and in the nocturnal echidna, mutating N83D red-shifts max by as much as 6 nm (Bickelmann et al. 2012 ). The mutagenesis data for site 83 in particular illustrate that predicting max based on sequence alone can be a risky proposition, as the spectral effects of substitutions at a site can vary substantially depending on the genetic background in which those substitutions were made (Asenjo et al. 1994; Hauser et al. 2014) .
In this study, we used site-directed mutagenesis to investigate the contributions of sites 83, 292, and 299 to the blueshifted killer whale max relative to terrestrial mammals. Our results support the notion that although these sites are clearly the primary determinants of spectral tuning, there may be other sites that interact with these to affect cetacean rhodopsin max. Though the directions of the max shifts in our killer whale mutants were consistent, the magnitudes of the shifts were found to differ compared with the reverse mutations in bovine rhodopsin (Fasick and Robinson 1998) . The degree of shifts present in our mutant killer whale rhodopsins also accounts for some, but not all of the spectral shifts found in other expressed wild-type cetacean rhodopsins. For example, the North Atlantic right whale (Eubalaena glacialis) has N83, A292, and S299, which according to our mutagenesis results should result in a max of approximately 497 nm, but Bischoff et al. (2012) measured it as 493 nm. A wide variety of sites have been shown to influence visual pigment max in various vertebrate species (Hunt et al. 2001 (Hunt et al. , 2009 Bowmaker and Hunt 2006; Bowmaker 2008) , and some of these clearly warrant further investigation in cetaceans. In addition, spectral tuning sites (site 83 in particular) have also been implicated in nonspectral functions such as active state (Meta II) kinetics (e.g., Sugawara et al. 2010 ), but these functions, and their potential adaptive relevance, have yet to be investigated in cetaceans.
Positive Selection in Cetacean Rhodopsin
Our results demonstrated significant evidence for positive selection in cetacean rhodopsins. Even though there are many mammalian groups with specialized visual abilities, particularly for dim-light environments, evidence for positive selection has not typically been found for mammalian rhodopsin data sets, and overall substitution rate ratios tend to be very low (e.g., M0 ! = 0.04 in Zhao et al. [2009] vs. our data set M0 ! = 0.12). One possibility is that selection signatures in such data sets are too weak to be detected, especially if taxonomic coverage is wide. Rhodopsin selection signals are generally weaker relative to other proteins due to the majority of the amino acid sequence being highly conserved. In other vertebrate groups, population-level polymorphism data have been crucial for detecting signatures of selection among closely related species for highly conserved genes, including rhodopsin (Larmuseau et al. 2010) . Our random-sites models indicated that only a small portion of sites (3%) were under positive selection. This is consistent with other positively selected vertebrate rhodopsins (e.g., Spady et al. 2005; Rennison et al. 2012; Schott et al. 2014 ), but does not approach the high proportions and substitution rate ratios typically found in rapidly diversifying genes, such as those that encode major histocompatibility complex (MHC) proteins (Swanson et al. 2001 ). More recent work has also revealed that mammalian rhodopsins have elevated synonymous substitution rates and experience positive selection at synonymous sites (Du et al. 2014 ); nonsynonymous positive selection may be more difficult to detect as a consequence of this pattern. Important sites may not always be detected by computational analyses of selection patterns, making experimentally derived protein structure-function data critical for molecular evolutionary studies. Our recovery of a significant signal of positive selection highlights the suitability of cetaceans for studies of molecular adaptation, as they are a group that is both ecologically diverse and relatively closely related (McGowen et al. 2014) . Although a variety of other genes show evidence of positive selection in cetaceans (reviewed in McGowen et al. 2014 ), this has not typically been the case for the visual pigments, despite experimental evidence for functionally important variation. In particular, tests for positive selection using random-sites models have not been significant, though evidence was found for positive selection using branch-site models . Our data set indicated that homoplasies (e.g., convergences and reversals) were frequent enough in the cetacean RH1 gene to result in an inaccurate tree topology, an idea that was supported by recovery of a more accurate topology when nonsynonymous nucleotide positions were removed from the alignment (supplementary fig. S2, Supplementary Material online) . Interestingly, convergent evolution appears to have led to recovery of inaccurate mammalian relationships in the past, not only in rhodopsin (Zhao et al. 2009; Shen et al. 2010 ) but also in other positively selected genes such as prestin (SLC26A5), which is linked to high-frequency hearing Elgoyhen and Franchini 2011) . Convergence signals are so strong in mammalian prestin that the gene tree actually has a topology that places echolocating bats and cetaceans as sister lineages (Jones 2010; Li et al. 2010; ). The figure 3 , and for 2-and 3-partition categories, the model with the highest ln-likelihood is shown. b ! values for each site class (! 0 -! 2 ) are shown with the proportion of each in parentheses. ! d refers to the divergent site class in the CmC models, which has a separate value for each partition: The first value is for the background, followed by the foreground clade(s). rhodopsin gene is also known for having sites with convergent patterns in other vertebrate data sets where it is positively selected (Larmuseau et al. 2011; Schott et al. 2014 ). Studies such as these suggest that, in certain cases, species trees may be more appropriate than gene trees when directional evolutionary pressure may skew phylogenetic reconstructions.
The Role of Rhodopsin in Cetacean Visual Ecology
In addition to statistical and experimental evidence for positive selection and functional adaptation in cetacean rhodopsin, we also found evidence for higher d N /d S in both nearsurface and extremely deep foragers. Absorption of light by water increasingly narrows the light spectrum to predominantly blue wavelengths as depth increases, and in clear ocean attenuates light intensity such that deeper than approximately 200 m, the boundary of the epipelagic zone, photosynthesis is no longer supported (Wozniak and Dera 2007; Warrant and Johnsen 2013) . As such, the general expectation is that organisms that live or are active in the deep-sea will have blue-shifted visual sensitivity to capitalize on the minimal amounts of available light (Lythgoe and Dartnall 1970; Hunt et al. 2001; Griebel and Peichl 2003) . Codon-based clade models are increasingly being used to test hypotheses of ecological divergence (Schott et al. 2014; Van Nynatten et al. 2015) , and in our case they were a useful exploratory tool for determining whether there was statistical evidence for rhodopsin divergence based on foraging depth. Significant evidence for positive selection in both the bathypelagic and epipelagic clades suggested that divergent selection signals were strongest in these lineages, likely reflecting common descent from primarily mesopelagic foraging ancestors (see supplementary table S5, Supplementary Material online). Nevertheless, the models that showed significant evidence for divergence also included a mesopelagic partition with slightly elevated d N /d S , which suggests that there is functionally important variation distinguishing this foraging profile as well. Even though the coarse partitions we used do not capture the more nuanced variation in cetacean foraging behavior, our results provide statistical evidence for an association between rhodopsin evolution and foraging depth in cetaceans that was previously only speculative. Furthermore, although prior studies have emphasized the bathypelagic foragers (e.g., Fasick and Robinson 2000) , our results suggest that the same subclass of sites is also positively selected in nearsurface foragers. This makes sense under a spectral tuning regime where substitutions at a few sites can result in a wide range of spectral sensitivities. In the future, with a greater sampling of cetacean species, this association could be further tested and refined.
In addition to foraging, we also investigated divergence along habitat partitions (oceanic, coastal, and freshwater). The spectrum and intensity of light can be affected by the scattering tendencies of dissolved particulate matter, which is more abundant in coastal and freshwater systems due to terrestrial runoff (e.g., the red-shifted light environment of some river systems; Costa et al. 2013 ). However, we did not find significant evidence for divergence with respect to this aspect of ecology, though this model was still a better fit than the model partitioned by phylogeny. If habitat variables are influencing cetacean rhodopsin evolution, it is possible we did not have enough power to detect this in our data set. In particular, our sampling of freshwater and estuarine cetaceans was low and did not include any of the independent invasions made by the Delphinidae (e.g., Sotalia, Orcaella, Sousa). On the other hand, this lack of significance also suggests that the significant contribution of the epipelagic clades to the foraging depth models was also not due solely to the freshwater species. Given that freshwater invasions have been implicated in the spectral tuning of rhodopsin in several cichlid fish lineages (Spady et al. 2005; Terai et al. 2006; Miyagi et al. 2012; Schott et al. 2014 ) and in anchovies (Van Nynatten et al. 2015) , further investigations with a more complete data set of freshwater cetacean rhodopsins could be fruitful in the future.
The ways in which light can vary in underwater environments have had a profound impact on the evolution of eyes in aquatic organisms (Warrant and Locket 2004) , and cetaceans are no exception. Like fish, they possess a spherical lens (Mass and Supin 2007) , and like many carnivorous mammals that forage in dim-light conditions, the retina is dominated by rod photoreceptors (Peichl 2005) and is supported by a reflective tapetum lucidum layer (Mass and Supin 2007) . Among the visual pigments, blue-shifts in max are present not only in rhodopsin but also in the long-wave sensitive cone opsin as well (Fasick and Robinson 1998; Newman and Robinson 2005) . Oddly, marine mammals (cetaceans and pinnipeds) share loss of function in the short-wave sensitive cone opsin with other dim-light inhabiting (nocturnal, fossorial) mammals (Jacobs 2013) , which seems contradictory to the hypothesis of optimizing sensitivity toward downwelling light. Although other hypotheses have been put forward to explain the loss of this opsin (Peichl 2005) , ultimately it remains a mystery; one that has been compounded by the recent discovery of long-wave cone opsin losses in some cetacean lineages . Addressing these issues in cetacean visual pigment evolution will certainly require a more thorough understanding of pigment function even beyond spectral tuning, in the context of the varied ecologies in which cetaceans have evolved. Some have argued that the field of molecular evolution in general requires an increased emphasis on experimental studies that test potential targets of natural selection in genomic contexts by evaluating the phenotypic consequences of individual mutations (reviewed in Barrett and Hoekstra 2011) . We have presented here the first results of mutation experiments on a cetacean rhodopsin in one of few studies of adaptive molecular evolution in cetaceans to combine both bioinformatic and experimental approaches. All together, our results both computationally and experimentally support adaptive evolution in cetacean rhodopsin to dim-light vision, and suggest mechanistic and ecological selection pressures that can form the basis of hypotheses for future investigations.
Materials and Methods
Killer Whale RH1 Preparation and Site-Directed Mutagenesis
The wild-type killer whale rhodopsin gene (RH1) coding sequence, along with a C-terminal nine-amino acid epitope tag for the 1D4 antibody, was synthesized (GeneArt, Invitrogen) and inserted into the p1D4-hrGFP II expression vector (Morrow and Chang 2010) . Site-directed mutagenesis (QuickChange II, Agilent) was used to generate mutants N83D, S292A, S299A, as well as a double mutant N83D/ S292A in the killer whale wild-type RH1. All mutants were confirmed by double-stranded sequencing.
Killer Whale Rhodopsin Expression and Spectral Tuning
Killer whale rhodopsin and mutants were transiently transfected, harvested, and purified alongside a bovine rhodopsin control, as reported previously (Morrow and Chang 2010) . Briefly, vectors containing rhodopsin were transiently transfected into HEK293T cells (Lipofectamine 2000; Invitrogen), harvested, regenerated with 11-cis-retinal, solubilized in 1% dodecylmaltoside, and immunoaffinity purified using the 1D4 monoclonal antibody. The UV-visible absorption spectra of purified rhodopsin samples were measured using a Cary 4000 double-beam spectrophotometer (Varian) at 25 C in the dark, and after 60 s of white light bleaching. Difference spectra were calculated by subtracting light spectra from dark spectra. max was estimated by fitting a template curve (Govardovskii et al. 2000) to the normalized dark spectrum. The wild-type killer whale rhodopsin was also exposed to hydrochloric acid (HCl; 100 mM) and hydroxylamine (NH 2 OH; 50 mM) to confirm the presence of a properly functioning Schiff base link and protection of the chromophore from hydrolyzing solvent, respectively.
Homology Modeling of Wild-Type and Mutant Killer Whale Rhodopsin
The killer whale rhodopsin 3D structure was inferred with homology modeling in the Modeller package (Sali and Blundell 1993) . Wild-type bovine rhodopsin (PDB code: IU19, Okada et al. 2004 ) was used as a modeling template. For each structure, 100 models were generated and ranked by the Modeller objective function (optimized ten times/model), and the run with the lowest DOPE score (Shen and Sali 2006) was selected for visualization in MacPyMol (Delano Scientific). The bovine template and killer whale rhodopsin had comparable total energies (comparable z-scores in ProSA-web; Wiederstein and Sippl 2007) , and stereochemical conformations of bonds among amino acid residues in the models had high probabilities (assessed in ProCheck; Laskowski et al. 1993) , both indicators that the models were of high quality.
Rhodopsin Sequence Alignment and Phylogenetic Analyses Full rhodopsin coding sequences (1,044 bp) for 23 cetacean species were obtained from publicly available databases (supplementary table S1, Supplementary Material online), which covered most cetacean families. Coding sequences were also obtained from 22 other mammal species to represent major mammalian outgroup taxa during gene tree building (supplementary fig. S2, Supplementary Material online) . Codons were aligned using PRANK as implemented on the webPRANK server (L€ oytynoja and Goldman 2010) with default settings. Our alignment of a total 45 sequences was used to generate two rhodopsin gene trees, one estimated using a maximumlikelihood method, and the other with a Bayesian method. The maximum-likelihood tree was constructed in PhyML 3.0 (Guindon et al. 2010 ) under the GTR+I+G model with a BioNJ starting tree, the best of either NNI or SPR tree improvement, and aBayes branch support. The GTR+I+G model was selected according to AIC values after running the alignment through MrModelTest (Nylander 2004) in PAUP 4.0 (Swofford 2002) . The Bayesian analysis was run in MrBayes 3.0 (Huelsenbeck and Ronquist 2001) using a reversible jump Markov chain Monte Carlo algorithm with a gamma rate parameter (nst = mixed, rates = gamma, four chains) for two runs each of 2 million generations (25% burn-in, sampling every 100 generations). Convergence was confirmed by checking output diagnostics (standard deviation of split frequencies approached zero, scattered log-likelihood plot).
Though the resulting gene trees were highly similar, there were several major incongruences with accepted species relationships at deep nodes (supplementary fig.  S2 , Supplementary Material online) suggesting that convergence may have affected the gene tree, a finding that has been previously reported for mammalian rhodopsins (Zhao et al. 2009; Shen et al. 2010) . As with previous studies , removing nonsynonymous nucleotide positions from the alignment resulted in a gene tree that was much closer to accepted species relationships (supplementary fig. S2 , Supplementary Material online). However, in order to ensure that the slight topological differences did not significantly affect our results, random-sites analyses were performed on both this gene tree and the accepted species tree. Before running selection analyses in PAML, outgroups were pruned to include only the two nearest cetacean relatives, Bos taurus and Hippopotamus amphibius, so that the tree could be unrooted (as required for codeml algorithms) while maintaining the basal topology of Cetacea ( fig. 3 ).
Molecular Evolutionary Analyses
Patterns of selection in the data set were investigated by submitting the alignment (supplementary fig. S3 , Supplementary Material online) and pruned trees ( fig. 3  and supplementary fig. S2B, Supplementary Material online) to the codeml program in the PAML 4.0 software package (Yang 2007) . LRTs with a 2 distribution were conducted on nested random-sites models to determine evidence for variation in ! (M3 vs. M0), and for positive selection (M2a vs. M1a, M8 vs. M7, and M8 vs. M8a). All models were run a minimum of three times with varying initial starting values for (transition to transversion ratio) and ! to ensure parameter estimates did not represent local optima in the sampling space. For positive selection models, M2a and M8, PAML incorporates a Bayes' Empirical Bayes (BEB) analysis to identify specific sites (codons) under positive selection .
Because PAML estimates d N /d S as a single variable, variation in this parameter is usually assumed to be due to variation in d N . As such, we also used models that relax this assumption, in which d N and d S are estimated as separate parameters (REL, FUBAR, and PARRIS models in the HYPHY package; Ben Murrell et al. 2013 ) as implemented on the Datamonkey webserver (Delport et al. 2010 ). The PARRIS model performs an LRT of positive selection in a manner similar to the M1a versus M2a comparison, using three d S and two ! classes (! = 0 and ! = 1) in the null model, and an additional freely varying ! class in the alternate model (Scheffler et al. 2006) . The REL and FUBAR models only estimate site-by-site ! values (similar to PAML's BEB analysis), and do not implement LRTs of selection patterns between nested models. FUBAR assigns sites to a much greater number of site classes than either REL or the PAML models, arguably providing more accurate site-by-site ! estimates (Murrell et al. 2013) . Under the models, M8, REL, and FUBAR, sites were identified as positively selected if they had a posterior probability !80% of belonging to a positively selected site class.
We used PAML's CmC (Bielawski and Yang 2004 ) and branch-site models (Zhang et al. 2005) to statistically test for divergence along specific branches of the species tree used in the random-sites analyses. These models allow ! to vary not only among sites but also among foreground and background clades specified by the user. Under CmC, two classes of sites are allowed to evolve conservatively (0 < ! < 1) and neutrally (! = 1) across the whole tree, but a third site class is allowed to evolve differently among two or more clade partitions. Significant divergence is indicated with an LRT comparing CmC with the null model, M2a_rel, which does not allow ! to diverge in the third site class (Weadick and Chang 2012) . We designed tests for CmC based on three divergence hypotheses, each with four clade partitions: Phylogeny (Odontoceti, Mysticeti, root Cetacea, outgroups), foraging depth (bathypelagic, mesopelagic, epipelagic, outgroups), and habitat (freshwater, coastal, oceanic, outgroups) ( fig. 3 ). Assignment of clades/nodes to habitat and depth classes was based on a priori knowledge of cetacean ecological variables for both living and extinct taxa (supplementary table S5, Supplementary Material online). For each hypothesis, the four-partition models were compared with nested three-and two-partition models using LRTs (the best fitting model in each partition category is shown in table 4). The models from each hypothesis were compared using AIC values to determine whether ecological variables had a greater influence on rhodopsin divergence than species relationships. The branch-site model, while similar to CmC, only allows one division into foreground and background lineages, so we could only test the two-partition configurations from each CmC hypothesis. In addition to the conservative and neutral site classes, there are two additional site classes where the foreground is positively selected and the background is either conserved or neutral. Of note is that the branch-site model, unlike CmC, cannot accommodate positive selection in the background lineages. Like the random-sites models, all models were run at least three times varying initial and ! values to ensure local optima were avoided in the sampling space.
Supplementary Material
Supplementary figures S1-S3 and tables S1-S5 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
